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Abstract 
We used carbon nanotubes (CNTs) as modifying particles and potassium hydroxide as a 
porogen to prepare mesoporous pitch-derived activated carbon discs (ACD) with high surface 
areas. The parameters investigated in this study included the concentration of CNTs (1%, 2%, 
3.5% and 5%), the dispersion of the CNTs in the pitch using a 750 W sonic probe, the oxidation 
of the CNTs with H2O2, and the aspect ratio of the CNTs. The highest surface area ACD was 
obtained with 2 % oxidized CNTs dispersed in the pitch with the ultrasonic probe (ACD-2%-
SO, SBET = 2089 m2·g-1). The ACDs prepared with the sonic probe and with 2 %wt or more of 
raw and oxidized CNTs exhibited larger mesopore volumes than those ACDs prepared with 1 % 
CNTs. A series of quench tests performed during the foaming process by withdrawal of the 
carbon from the tube furnace at 673 K, 773 K and 873 K revealed that mesopores in ACD 
develop at temperatures ranging from 773 K to 873 K, whereas micropores formed between 
873 K and 1073 K. The adsorption capacities of N2 and CO2 on ACD-2%-SO were measured 
with a gravimetric apparatus at 298 K and 303 K at pressures up to 4000 kPa. The uptake of 
CO2 on ACD-2%-SO at a temperature of 298 K was 3.33 mol/kg at 100 kPa and 11.51 mol/kg 
at 3496 kPa.  
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1 Introduction 
Carbon foams with hierarchical pore structures, good thermal conductivity and electrical 
conductivity have been reported as promising materials for thermal management [1] and 
protection [2], cleanup of oil spills [3], electrochemical capacitors [4] and gas separation 
processes [5-8]. Carbon foams can be synthesized from a wide range of precursors such as coal 
[9, 10], coke [11], pitch [12-14], polymers [15, 16] and biomass [17, 18]. One of the most 
widely studied carbon foam precursors is petroleum pitch because it is readily available at a 
low cost, it has a high carbon content, and when heated under controlled conditions pitch can 
produce a porous carbon foam. However, it may be challenging to control the pitch foaming 
process to produce a highly porous and mechanically strong foam. One of the challenges is 
forming the hierarchical microstructure, especially the mesoporous structure in the carbon 
foam. The open mesoporous structure connects between the micropores and macropores, which 
will significantly improve the adsorption capacity and reduce the pressure drop. High-pressure 
foaming processes [19] and the use of modifiers [20, 21] are two strategies that have been 
reported to control carbon foam production. In this study, we explored the use of carbon 
nanotubes (CNTs) as modifying particles to produce carbon foams from tar pitch. 
Modifiers in the form of particles may play multiple roles in the carbon foaming process 
including the stabilization of bubbles formed during foaming, and the supply of active catalytic 
sites during foam carbonization. Moreover, these particles may enhance the properties of the 
carbon product such as its surface area and/or electrical conductivity. Carbon foams have been 
produced with a number of particle modifiers, including coal [20, 21], clay [22, 23], carbon 
fibers [24-26], graphene [27] and CNTs [28-33]. Carbon nanotubes are also attractive 
reinforcing particles because CNTs have high aspect ratios, high elastic modulus and strength, 
and high specific surface area. In fact, Liu [31] reported that a carbon foam modified with acid-
treated multiwall CNTs led to significant differences on the pore size and morphology, 
mechanical strength, thermal and electrical conductivity of the foams. Kim [32] also reported 
that the introduction of fluorinated CNTs increased the compressive strength and thermal 
conductivity of an isotropic pitch-derived carbon foam. 
The dispersion of modifying particles into the carbon foam precursor is a critical step in the 
preparation of reinforced carbon foams because CNTs tend to form aggregates. The uneven 
dispersion of CNTs in the carbon foam is not only a kind of waste of material, but also 
detrimental to the overall properties of the carbon foam, which typically displays 
microstructural defects. Several methods have been reported to disperse CNTs in polymers and 
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pitch mixtures, including functionalization of the CNT-surface, use of surfactants, as well as 
melt-mixing the precursor and particles via extrusion during the molten stage of the foaming 
[34]. For instance, Datsyuk et al. [35] reported that grafting of carboxylate groups on CNTs 
imparts a negative charge that improves the dispersion stability of CNTs in polar media such 
as ethanol, methanol or water. In another approach, Andrews [36] used a high-power ultrasonic 
wand (Fischer Scientific 500 W) to disperse single wall CNTs in a solution of pitch in 
quinolone (this solvent was then removed by vacuum distillation in a subsequent synthesis 
step). These examples illustrate that sonication and surface functionalization may be effective 
methods to disperse CNTs in a carbon foam precursor. 
Thus, we investigated the effects of (1) oxidation of CNTs with hydrogen peroxide (H2O2) and 
(2) sonication of the CNTs on the dispersion of CNTs into pitch to produce CNT-filled 
activated carbon discs in a low-pressure foaming process. We also studied the effect of 
concentration of CNTs in the pitch on pore development. The development of porous structures 
in carbon foams occurs in several temperature-dependent steps [20], and to gain a better 
understanding of the role of the CNT modifiers on pore development during pitch foaming, we 
performed a series of quenched foaming experiments in which the sample was withdrawn from 
the tube furnace at 673 K, 773 K and 873 K. 
 
2  Experimental 
2.1 Materials and carbon foam preparation 
Here we used the same BP Bitumen Class 170 pitch and pitch pre-treatment procedures that 
we reported in our study on coal particles as carbon foam fillers [21]. According to the 
supplier’s data sheet, the density of the BP Bitumen Class 170 pitch is 1.03 g∙cm-3 and its 
softening point is 320 K [37]. The softening point of the pitch was increased by adding 
dropwise 18 g of 15 M nitric acid (HNO3) per 100 g of pitch while the pitch was stirred and 
heated at 393 K. The oil bath temperature was raised to 433 K and the pre-treatment continued 
until the impellor could no longer stir the pitch. The pre-treated pitch was a brittle solid at room 
temperature and this material was ground to a powder by hand with a mortar and pestle. 
Carbon nanotubes (NC7000, Nanocyl, Belgium) were oxidized with 200 mL of 30 %wt H2O2 
solution in an ultrasonic bath for 30 min, and then heated at 353 K for 5 hours. The oxidized 
CNTs were washed with distilled water and dried at 373 K in a vacuum oven. Table 1 shows 
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the concentration of oxygen on the surface of raw CNTs and the oxidized CNTs measured by 
X-ray photoelectron spectroscopy (XPS, Perkin Elmer PHI-560 ESCA operated at 15 kV), and 
the specific surface area (SBET) of the CNTs determined from N2 sorption analysis 
(experimental details described in section 2.3 Characterizations). The oxygen concentrations 
on the pitch are also included in Table 1.  
The CNTs were dispersed in 80 mL of ethanol, then mixed with the pre-treated pitch at CNT 
concentrations of 1, 2, 3.5 and 5 %wt, and placed in an ultrasonic bath for 30 minutes. Three 
sets of CNTs + pitch mixtures were prepared in the next step of the activated carbon disc (ACD) 
synthesis: (i) raw CNTs + pitch labelled ACD-x%, (ii) raw CNTs + pitch mixtures treated for 
30 minutes with an ultrasonic probe (Sonics, 40 Ampl, 750 W, 20 kHz) labelled ACD-x%-S, 
and (iii) H2O2 oxidized CNTs + pitch treated for 30 minutes with the Sonics probe ACD-x%-
SO. Where x% stands for the CNT to pitch concentration by weight. 
Prior to foaming, KOH was added as a chemical activator to each CNTs + pitch mixture at a 
KOH-to-pitch mass ratio of 1:1. Discs (14 mm diameter) were formed from about 1 g of the 
pitch + coal + KOH blend in a hydraulic press and dried in an oven at 353 K. Foaming was 
performed in argon gas in a horizontal tube furnace at 1073 K (10 K.min-1) with 1 h of soaking 
time. The foamed discs were washed with 0.2 M HCl, dried overnight at 353 K, and rinsed 
with distilled water several times until a filtrate pH of 7 was achieved. Table 2 lists the 
properties of the 12 ACDs prepared in the first part of this study. A photograph of ACD-5%-S 
is shown Figure 1 as a representative sample of the ACDs produced. Interestingly, we 
previously attempted the pitch foaming experiment without any modifying particle, but the 
experiment did not produce a stable foam, instead the pitch overflowed the crucible in the tube 
furnace. [21] 
The carbon yield of the ACD was calculated from the weight of the treated-pitch (mp), CNTs 
weight (mCNT), and the weight of the washed ACD end product (mf) according to: 
ܻ݈݅݁݀	ሺ%ሻ ൌ ௠೑௠೛ା௠಴ಿ೅ ൈ 100%                                                   (1) 
2.2 Quenching test 
Carbon foam quenching tests were performed at temperatures of 673 K, 773 K and 873 K for 
the activated carbon discs prepared from the pre-treated pitch with 2% raw CNTs (ACD-2%-
S) and treated with the ultrasonic probe (750 W). The procedures were the same as those 
described above, but quenched samples were pulled quickly from the center of the tube furnace 
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to the inlet end of the tube once the furnace reached the quench temperature. At this location, 
the sample temperature drops quickly and the sample is still kept under a flow of argon gas. 
The quenched samples are labeled as ACD-2%-S-673, -773 and -873. 
2.3 Characterization 
Scanning electron microscopy (SEM) images were collected in an SU3500 instrument 
(HITACHI Ltd., Japan). X-ray photoelectron spectroscopy (XPS) was performed on a PHI-560 
ESCA (Perkin Elmer) at 15 kV. The zeta potential of CNT dispersions in ethanol were 
determined using a Malvern Zetasizer Nano-series (Malvern Instruments Zen 3600, Malvern 
UK). Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG) 
were carried out with a Perkin-Elmer STA 6000 instrument at a heating rate of 10 K·min-1 
under a N2 flow of 20 mL·min-1. Compressive strength of the ACDs were measured by uniaxial 
compression testing using an Instron 5584 material testing system. The bulk or apparent 
density (ρHg) of the carbon discs was measured by mercury intrusion porosimetry (MIP, 
Micromeritics PoreSizer 9320) and the skeletal density (ρHe) by helium pycnometer 
(Micromeritics AccuPyc II 1340). The disc porosity (ϕ) was calculated with Equation 2: 
߶ሺ%ሻ ൌ ఘಹ೐ିఘಹ೒ఘಹ೐ ൈ 100                                                  (2) 
Sorption isotherms of N2 at 77 K and CO2 at 273 K were measured with a TriStar II 3020 
apparatus (Micromeritics, USA) after degassing the ACD at 473 K and a pressure of 10-5 torr 
for 24 h. The N2 isotherms were used to determine the Brunauer Emmett Teller (BET) specific 
surface area at a relative pressure in the range of P/P0 = (0.05 - 0.35); total pore volumes at 
P/P0 = 0.99; micropore volumes using the t-plot method and mesopore volumes from the 
Barrett Joyner Halenda (BJH) method. The pore size distributions were also calculated from 
the N2 adsorption on TriStar II 3020 determined by non-local density functional theory 
(NLDFT) model. Limiting micropore volumes were calculated from the CO2 isotherms 
measured at 273 K with the Dubinin-Astakhov (DA) equation [38]. High pressure adsorption 
equilibrium capacities of CO2 and N2 were measured at 298 K and 308 K with pressure up to 
4000 kPa on a Belsorp-BG instrument (BEL, Japan) equipped with a magnetic floating balance 
(Rubotherm, Germany). 
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3 Result and Discussion 
3.1 Effect of raw CNTs concentration on the properties of the activated carbon foam 
A summary of the bulk properties of the CNTs + pitch ACDs is provided in Table 2. Monolithic 
discs were produced from all experimental foam preparation conditions listed in Table 2, 
except for ACD-1%-SO which was prepared with sonicated H2O2 oxidized CNTs at 1 %wt. 
This last sample grade overflowed the crucible and did not form a monolith, so neither density 
nor carbon yield is reported for ACD-1%-SO. A possible reason for the unstable foaming of 
ACD-1%-SO will be discussed later in section 3.3. We will first discuss on the ACDs prepared 
with raw CNTs and mixed without using the ultrasonic probe (ACD-x% series). Table 2 (a) 
shows the bulk and skeletal density of the ACD-x% series. Such ACDs at concentrations of 1 % 
and 5 %wt displayed lower bulk densities and higher skeletal density than those at 2% and 
3.5%. The variability in bulk and skeletal density is greater in the ACD-x% series than in the 
sonicated (-and-oxidized CNT) series. We believe that such a variation is most likely due to 
poor dispersion of the raw CNTs, which leads to a less controlled foaming process than that of 
the other ACD series. 
The carbon yield of the ACD-x% series increased with the CNT content (Table 2a), and that 
general trend is expected because CNTs are thermally stable in inert atmospheres far beyond 
1073 K [39]. However, the increase in yield may be much larger than expected depending on 
the mass of CNTs in each ACD. This result suggests that the CNTs affect the pitch reactions 
taking place during foaming. The pore textural characterisations in Table 3 (a) obtained from 
N2 and CO2 sorption analyses together with the TGA in Figure 2 provide insights into the pitch 
mass loss that leads to the development of the foam structure. For example, whereas the ACD 
yield increased with greater amounts of CNT filler, the BET surface area and micropore volume 
decreased. The micropores in the ACD are mainly formed from the KOH activation, and during 
the ACD preparation procedure the KOH may be adsorbed by the internal pores of the CNTs 
or interstitial pores between aggregated CNTs. This KOH is then less available for pitch 
activation. In addition, the higher residual mass values (TGA) in air of the ACDs with 2 to 5 % 
CNTs than that of the ACD-1% (Figure 2) suggest that KOH products deposited on or within 
the CNTs may be more difficult to remove by HCl washing than the KOH products in the pitch-
derived phases of the ACD. 
The concentration of raw CNTs added to the pitch had an effect on both the macrostructure 
and microporosity of the ACD-x% series as shown by the pore size distributions (PSD) 
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measured by MIP (Figure 3) and textural properties (Table 3a). In Figure 3, the peak of PSD 
in ACD-1% is around 45 µm, but in ACDs prepared with 2%, 3.5% and 5% CNTs the peaks 
are around 16.5 µm. The N2 sorption measurements at 77 K show that part of the activated 
carbon discs exhibited Type I isotherms and others exhibited Type IV isotherms (Figure 4a); 
the hysteresis loops suggest the presence of mesopores in these ACDs [40]. The large volumes 
of N2 adsorbed at P < 10 kPa on all the ACD-x% series is attributed to adsorption of N2 in 
micropores produced by the KOH activation. The BET surface area values of ACDs prepared 
with raw CNTs (without ultrasonication) were 1137 m2·g-1 and 1850 m2·g-1 for ACD-5% and 
ACD-1%, respectively.  Due to the kinetic limitation of the sorption of N2 at 77 K in narrow 
micropores [20], we also tested the carbon structure with CO2 at 273 K and the data are 
included in Table 3. The CO2 data also indicated that the ACD with 5% raw CNTs (no 
ultrasonic probe) has the lowest surface area and micropore volume. We consider there could 
be several contributing factors to explain why ACD-5% had the lowest BET surface area. These 
factors include (1) at higher CNT concentrations the CNTs occupy volumes in the pitch matrix 
that would otherwise form open pores during foaming; (2) CNTs are more chemically resistant 
to KOH [41] than the pitch precursor and so at high CNT concentrations there is on average a 
lower degree of micropore development from KOH activation than in lower concentration 
CNT + pitch mixtures; and (3) residual compounds from KOH may be more difficult to remove 
from in and around CNTs than pitch.  
Although the ACD prepared with lower amounts of raw CNTs ha a higher specific surface area, 
we observed that at raw CNT concentrations of 1% or 2% the shape of the ACD did not stay 
as regular as the higher ACDs with 3.5 % and 5% CNTs. Furthermore, the raw CNT-based 
ACD with the best compressive strength of 4.26 MPa was ACD-3.5%, and this result is similar 
to other low density carbon foams reported elsewhere [21, 42]. The aim of our current study 
was not to maximize the compressive strength, but to attain a high-surface-area carbon 
monolith with sufficient strength to be used in pressure swing adsorption processes, 4.26 MPa 
of compressive strength may be adequate for this application [20]. 
3.2 Effect of sonication on the microstructures of the activated carbon disc 
Table 2 (b) shows the bulk properties and carbon yield of ACDs prepared with raw CNTs 
treated with the 750 W ultrasonic probe (ACD-x%-S series). The bulk density of ACD-5%-S 
(0.33 g·cm-3) is larger than ACD-5% (0.22 g·cm-3) and the bulk density of ACD-1%-S 
(0.25 g·cm-3) is larger than ACD-1% (0.20 g·cm-3), but at 2 % and 3.5 % CNT concentrations 
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there was no significant difference in the density of the high power sonicated ACDs compared 
to the ACD-x series. The skeletal density of ACD-x%-S series ranged from 1.92 g·cm-3 to 
2.03 g·cm-3 which showed little difference from that of ACD-x% series. The overall carbon 
yield of the ACD-x%-S series was higher than that of ACD-x% series but the trend was similar: 
carbon yield increased with the CNT content.  
Figure 5 shows the high power sonic probe treatment affected the pore size distribution (PSD) 
of the ACD-x%-S series. For ACD-2%-S and ACD-3.5%-S, the sonic probe treatment affected 
the PSD peak position instead of the peak intensity. However, for the case of ACD-1%-S and 
ACD-5%-S, both the peak intensity and peak position are different from those of ACD-1% and 
ACD-5%. For example, comparing the pore size distribution of the peaks in Figure 5d and 
Figure 5b, the sonication process for the ACD with 5% CNTs restrains the formation of pores 
with a diameter larger than 10 µm, whereas this is not seen in ACD with 2% CNTs. Also as 
mentioned earlier, the bulk density of ACD-5%-S was apparently larger than that of ACD-5%, 
in contrast, for other CNT concentrations, such as 2% and 3.5%, the bulk density was not 
clearly affected by the sonication process. During the carbonization process, sufficiently well 
dispersed CNTs by high power sonication possibly slow down the process of pitch bubbling, 
so bubbles can no longer reach a size greater than 10 µm (Figure 5d). Instead, more pores with 
size ranging from 1 µm to 10 µm formed from inhibited pitch bubbles. This result is consistent 
with the SEM image of ACD-5%-S shown in Figure 6 (a) in which pores around 10 µm width 
are observed. In Figure 6 (b), we can clearly observe the existence of dispersed CNTs in carbon 
foam. Added CNTs provided abundant of the microporous and mesoporous structure of derived 
carbon foam, which is consistence with the results in Table 3. The transfer of local shear stress 
that breaks down the aggregates and disperses the CNTs governs the sonication process. A 
phenomenon called cavitation [43] can occur in a low-viscosity fluid above a certain ultrasonic 
intensity in the low-pressure regions of the travelling wave. Once created, the cavitation 
bubbles collapse causing extremely high strain rates of up to 109s-1 in the fluid around the 
proximate regions of bubble implosion. The SEM image of the ACD-5% grade is also 
comparatively displayed in Figure 6 (c) at the same magnification scale. Table 3 (b) shows the 
surface area and pore volume, of ACD prepared from raw CNTs with 750 W ultrasonic probe, 
determined from N2 adsorption at 77 K and CO2 adsorption at 273 K. In Figure 7, all the ACD-
x%-S series show a larger adsorption capacity than that of ACD-x% series. For the ACD-1%-
S, the DA micropore surface area and narrow micropore volume (2420 m2·g-1, 1.032 cm3·g-1) 
was much larger than that of ACD-1% (1310 m2·g-1, 0.565 cm3·g-1). The ACD-2%-S and 
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ACD-5%-S displayed a larger BET surface area when compared with their no sonicated 
counterparts, also the total pore volume of ACD-2%-S, ACD-3.5%-S and ACD-5%-S was 
respectively much larger than that of the ACD-x% series.  
The enhancement of mesopore volume in the ACD-x%-S series is evident in the porous texture 
results shown in Table 3 (b), especially at ACD-2%-S and ACD-3.5%-S. For example, the 
mesopore volume of ACD-2%-S is 0.482 cm3·g-1 is more than seven times larger than that of 
ACD-2% (0.066 cm3·g-1). The shape of N2 isotherms for the ACD-x%-S series (Figure 7) are 
clearly different to the ACD-X% isotherms (Figure 4). For example, in Figure 7 (b), ACD-2%-
S has a similar adsorption capacity to that of ACD-2% at a pressure P < 10 kPa, but at higher 
pressures there is a lot more N2 uptake on ACD-2%-S. Furthermore, Type H4 hysteresis loops 
are evident in the ACD-x%-S series and this hysteresis is typically attributed to capillary 
condensation in mesopores. The development of mesopores in the sonic probe treated ACDs 
is shown in more detail in Figure 8 (b-c) PSDs with peak pore size distribution between 2 nm 
and 50 nm evident in ACD-2%-S and ACD-3.5%-S. 
We examined the effect of CNT size on the properties of the prepared ACDs, another two 
commercial CNT grades with different aspect ratios (AR), but same diameter, were included 
in the study. The properties of these additional samples TNSM5 and TNM5 from Timesnano 
(China) are described in Table 4. The aspect ratio of CNTs were 40 to 800, respectively for 
TNSM5 and TNM5, and TNSM5 has the same nominal outside diameter (OD) of TNM5. 
ACDs prepared with different CNTs followed the recipe of ACD-3.5%-S and labelled as ACD-
TNM5, ACD-NC7000 and ACD-TNSM5.  
Table 4 shows that for the ACDs produced using TNSM5 and TNM5 the total pore volume, 
micropore volume and specific surface area of the derived ACDs increased with the aspect 
ratio of the CNTs. It is known that solids with high aspect ratio can form three-dimensional 
networks when incorporated into polymer materials [44], and longer CNT may produce more 
complicated microstructures during pitch foaming process. Figure 10 shows that changing the 
CNT aspect ratio did not affect the type of N2 adsorption isotherms produced, and Type H4 
hysteresis loop is present in all isotherms, which is evidence of the mesoporous structure. The 
effect of CNTs aspect ratio on the micropore and mesopore in the ACDs is shown more clearly 
in Figure 11a where high aspect ratio CNT lead to a well-developed microporous and 
mesoporous structure. However, the mercury porosimetry results (Figure 11b) show that the 
CNT aspect ratio did not have a significant effect on the foamed macrostructure of the ACDs. 
The viscosity of the pitch mixture is likely to effect the foaming bubbles in the pitch, and the 
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CNT aspect ratio may influence the viscosity of the pitch-CNT mixture, but in our study any 
effect of CNT aspect ratio on viscosity of the mixture did not lead to a significant change in 
ACD macroporous structure. More detailed investigations of the effect of CNT aspect ratio on 
CNT-pitch viscosity and the foam development are beyond the scope of this current paper. 
To understand the development of micropores and mesopores in the foaming process we 
performed a series of quench tests for the ACD with 2% sonicated raw CNTs. ACD-2%-S 
showed a highly developed surface area and micropore structure and notably the mesopore 
volume was increased up to 7 times compared with the ACD-2% which is not treated with high 
power ultrasonic probe. Another reason for choosing ACD-2%-S for the quenching test is its 
solid structure which will facilitate the test. Table 5 and Figure 11 summarise the key pore 
textural characterisation for the carbon foams produced by quenching at 673 K, 773 K and 
873 K (together with the ACD-2 %-S sample prepared at 1073 K). Data in Table 5 (a) shows 
that mesopore volume develops at a temperature up to 873 K and although some micropores 
develop at temperatures below 873 K, most of the micropore volume develops at temperatures 
above 873 K. In Figure 11 (a), the curves of pore size distribution for sample quenched in 
different temperature clearly showed the micropore and mesopore development which matches 
the data in Table 5. The mesopores started to appear after 773 K and most of them formed 
when the temperature reached 873 K. After further activation with temperature up to 1073 K, 
some pores with the size from 2 µm to 10 µm expanded or merge to larger pore size from 
10 µm to 50 µm. This observation is consistent with studies on KOH activation of other 
mesoporous carbons [15] which report that KOH activation at 973 K produces enhanced 
microporosity and mesoporosity, but activation at temperatures higher than 973 K caused a 
partial deterioration of the mesoporous structure. In our study, we found a change in the 
mesopore size distribution when the temperature exceeded 973 K, while no mesopore volume 
was sacrificed. From the DTG curves in Figure 12 we can infer that the temperature for the 
most rapid weight loss was about 749 K. In Figure 11 (b), the PSD curves of samples quenched 
at different temperatures clearly showed the pore foaming progress from 673 K to 1073 K. All 
the peaks for the samples at different temperatures occurred in similar sections indicated with 
temperature increasing, the bubbles cannot keep expanding, and instead the bubbles quickly 
appear, expand and collapse. As a result, the volume of each pore does not increase 
significantly with temperature, instead, the number of pores increased with temperature. This 
is consistent with other studies carried out on bubble growth in pitch-based carbon foams [45].  
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3.3 Effect of CNTs oxidation on the properties of the activated carbon disc 
Table 2 (c) shows the bulk densities of the ACD-x%-SO series carbons were in the range 
0.30 g·cm-3 to 0.42 g·cm-3 and the skeletal densities of these samples were in the range 
1.95 g·cm-3 to 1.98 g·cm-3. ACD-3.5%-SO had the highest bulk density and lowest porosity in 
the ACD-x%-SO series. Similar to the other two ACD series, the carbon yield of the ACD-x%-
SO series increased with the concentration of CNT particles from 30.2 ± 2.2% for ACD-2%-
SO to 48.0 ± 3.6% for ACD-5%-SO. The properties of ACD-1%-SO are not included in Table 
2 (c), as the ACD-1%-SO overflowed the crucible and did not form a monolith. This unstable 
foaming experiment may be due to the combination of a low CNTs concentration and the high 
level of dispersion obtained by means of both sonication and oxidation.  
The surface area and pore volume of ACDs prepared with oxidized CNTs were larger than 
other ACDs prepared with the same concentrations of CNTs (Table 3). For example, the 
surface area of ACD-2%-SO was 2089 m2·g-1 compared to 1628 m2·g-1 in ACD-2% and 
1736 m2·g-1 in ACD-2%-S. The increased porosity of the ACDs prepared with oxidized CNTs 
may be attributed to the oxidized CNT surfaces because the oxygen-containing surface 
functionalities introduced to the CNTs by oxidation (Table 1) help disperse the CNTs in the 
ethanol + pitch mixing step of the ACD preparation [27]. The improved dispersion of CNT in 
ethanol after oxidation can be confirmed by the Zeta potential data presented in Table 6 and 
the more notable effect of oxidation on the colloidal stability of CNTs can be found in literature 
as well [46].  
Table 6 shows that pristine and oxidized CNTs are negatively charged in ethanol and their 
colloidal stability is closely related to the oxygen surface functionality. The oxygen content in 
CNTs was a key parameter for stability and significant effect on the absolute value and sign of 
the surface charge can be found in the literature [47]. Likewise, the CNTs with low surface 
oxygen content were found to have poor stability in an aqueous suspension. It has been reported 
the H2O2 treatment is a mild oxidation treatment for CNTs, and that CNTs can be purified by 
H2O2 from amorphous carbon under neutral conditions [48]. In addition, oxidative treatments 
directly attach carboxylic groups as well as other oxygen-bearing groups, such as hydroxyl, 
carbonyl and ester groups to the end and/or defect side-walls of CNTs. The strong oxidation 
process results in opening the tube tip and shortening of the tube, increasing the chance of the 
interaction between CNTs and pitch molecular [49]. In Ingo Alig’s study on CNTs network in 
polymer melts[50], the local CNT-polymer interaction was found to immobilize the polymer 
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chains in the amorphous regions. Also the CNT-polymer-CNT interaction and the so called 
“connectedness” [51] play an important role in the transfer of heat, electrical current and 
mechanical stress. Similar to the interaction between CNTs and polymer, the CNTs/pitch 
interaction also shows a great effect on the overall properties of the prepared ACDs. The pitch-
CNTs adhesion or CNTs wrapped with pitch molecular chains work as a connection for the 
stress and heat transfer during melting and foaming process. This helps to explain the unstable 
pitch foaming process without modifying particles, compared with a well-shaped ACD from a 
controllable pitch-CNT foaming. Furthermore, an optimised pitch-CNTs interaction may 
facilitate the dispersion of potassium hydroxide in the pitch-CNT matrix, as a result, contributes 
to a higher surface area after the KOH activation as we mentioned earlier. In addition, oxidation 
increased the CNT surface area from 242.7 m2·g-1 to 337.8 m2·g-1 and this increase in modifier 
particle surface area may contribute to the overall micropore volume in the ACD-x%-SO series.  
To evaluate the potential of the ACDs as a gas separation or storage adsorbent we measured 
the adsorption capacity of N2 and CO2 on ACD-2%-SO at 4000 kPa using a high-pressure 
gravimetric adsorption apparatus (Belsorp-BG). This ACD was selected because of it’s high 
surface area and large adsorption capacities for N2 and CO2 at 100 kPa (Figure 4). Absolute 
equilibrium adsorption capacities for CO2 and N2 on ACD-2%-SO measured with the Bel-BG 
at 298 K and 308 K are reported in Figure 13 and Table 7. As expected for a carbon adsorbent, 
ACD-2%-SO has a much larger capacity for CO2 than N2. Table 8 shows the CO2 and N2 
adsorption capacities of ACD-2%-SO at pressures of 100 kPa and 1000 kPa is greater than the 
capacity of other carbon monoliths and commercial adsorbents reported in the literature. At 
3500 kPa, the adsorption of 11.51 mol/kg CO2 at 298 K is greater than other ACDs with lower 
specific surface areas produced in our laboratory using the similar methods with pitch and coal 
powders. For example, we previously reported 7.39 mol/kg CO2 uptake on pitch and coal 
powder derived carbon monolith [20] with a BET specific surface area of 1044 m2/g. However, 
clearly the capacity of ACD-2%-SO for CO2 and its selectivity for CO2 over N2 is not as great 
as metal organic frameworks (MOFs) [52] and nitrogen-doped carbons [53] reported in the 
literature. Nonetheless, due to the high porosity and good mechanical strength of this ACD 
carbon foam this material may have potential for some CO2 capture applications and other 
adsorption based processes.  
4 Conclusion 
We prepared activated carbon discs from coal tar pitch and CNTs with high surface areas and 
hierarchical pore structures. We observed that treatment of the CNT + pitch +ethanol mixture 
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with a 750 W sonic probe and oxidation of CNTs in H2O2 were effective methods to improve 
dispersion of the CNTs in the carbon foam matrix. The ACDs prepared with these treatment 
steps appeared to have more stable bubble growth during the foaming process, and as a result 
ACDs prepared with the sonic probe treatment developed mesopore volumes up to seven times 
greater than in the ACDs prepared without the sonic probe treatment. The development of 
micropores in the ACDs was predominantly a result of the KOH activation, and this pore 
development was the greatest at activation temperatures above 873 K. The best activated 
carbon discs prepared in this study had highly developed surface areas (BET areas up to 
2089 m2·g-1), large mesopore volumes (0.513 cm3·g-1) and a high adsorption capacity for CO2 
(11.51 mol/kg CO2 at 298 K, 3500 kPa). 
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Figure 
 
Figure 1  Photograph of activated carbon foam disc ACD-5%-S prepared from sonicated mixture of 5% wt CNTs to tar pitch 
activated with KOH. 
 
Figure 2 Weight loss (TGA) curves measured for ACDs with different CNTs concentration. Heating rate 10 K∙min-1, air flow 
rate 20 ml∙min-1. 
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Figure 3 Pore size distribution of ACDs with different CNTs concentration determined by mercury intrusion porosimetry. 
 
 
Figure 4 Adsorption of (a) N2 at 77 K and (b) CO2 at 273 K on ACDs prepared from different CNTs concentration. 
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Figure 5 Pore size distribution of ACDs with (a) 1%, (b) 2%, (c)3.5% and (d) 5% CNTs from different treatment (S for 
sonication and SO for sonication and oxidation with H2O2) determined by mercury intrusion porosimetry. 
 
 
Figure 6 SEM pictures of (a-b) ACD-5%-S with sonication process and (c) ACD-5% without sonication process. 
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Figure 7 Adsorption of N2 at 77 K on ACDs prepared from (a) 1%, (b) 2%, (c) 3.5% and (d) 5% CNTs from different 
treatment (S for sonication and SO for sonication and oxidation with H2O2). 
 
 
Figure 8 Size distribution of micropores and mesopores in ACDs with (a) 1%, (b) 2%, (c) 3.5% and (d)5% CNTs from 
different treatment (S for sonication and SO for sonication and oxidation with H2O2)  determined by NLDFT from the N2 
sorption isotherm measured at 77 K. 
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Figure 9 Adsorption of N2 at 77 K on ACDs prepared from CNTs of different aspect ratio (showed in brackets for 
comparison). 
 
Figure 10 Pore size distribution of ACDs prepared with CNTs of different aspect ratio (showed in brackets for comparison) 
determined by a) NLDFT from the N2 sorption isotherm measured at 77 K and b) mercury porosimetry. 
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Figure 11 Pore size distribution of ACDs with 2% of CNTs treated with 750 W sonication and quenched at 673, 773 and 873 
K determined by a) NLDFT from the N2 sorption isotherm measured at 77 K and b) mercury porosimetry. Curves for 
samples ACD-2%-S carbonized at 1073 K from Figure 5 (b) and Figure 8 (b) are included again here and labeled as ACD-
2%-S-1073 for ease of comparison. 
 
Figure 12 (a) Weight loss (TGA) and (b) derivative weight loss (DTG) curves measured for samples before carbonization. 
Heating rate 10 K∙min-1, nitrogen flow rate 20 ml∙min-1. 
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 Figure 13 Absolute adsorption capacities of CO2 and N2 on ACD-2%-SO measured at 298 K and 308 K. 
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Table 
Table 1 Surface properties of pitch, raw CNTs and H2O2 oxidized CNT. 
Sample XPS SBET O 1s/At% C 1s/At% (m2·g-1) 
Raw CNTs 1.05 98.95 242.7 
H2O2 CNTs 3.30 92.75 337.8 
Pitch 3.96 92.75 - 
 
Table 2  Bulk density, skeletal density, porosity and carbon yield of the ACDs prepared with (a) raw CNTs, (b) raw CNTs 
dispersed in pitch using the 750 W ultrasonic probe, and (c) H2O2 oxidized CNTs dispersed in pitch using the 750 W ultrasonic 
prove. ACD-1%-SO did not produce a monolithic carbon disc. 
Sample 
Bulk 
density 
Skeletal 
density Porosity 
Carbon 
Yield 
(g·cm-3) (g·cm-3) (%) (%) 
(a) Raw CNTs (no ultrasonic probe) 
ACD-1% 0.20 1.96 90 ± 1.6 28.2 ± 2.0 
ACD-2% 0.30 1.84 84 ± 2.5 32.0 ± 2.3 
ACD-3.5% 0.30 1.88 84 ± 2.5 33.6 ± 2.5 
ACD-5% 0.22 2.01 89 ± 1.7 39.7 ± 3.0 
(b) Raw CNTs with 750 W ultrasonic probe 
ACD-1%-S 0.25 1.97 87 ± 1.9 28.9 ± 2.1 
ACD-2%-S 0.31 1.92 84 ± 2.5 35.7 ± 2.6 
ACD-3.5%-S 0.28 2.00 86 ± 2.1 39.6 ± 2.9 
ACD-5%-S 0.33 2.03 84 ± 2.5 47.3 ± 3.5 
(c) Oxidized CNTs with 750 W ultrasonic probe 
ACD-1%-SO - - - - 
ACD-2%-SO 0.30 1.95 84 ± 2.4 30.2 ± 2.2 
ACD-3.5%-SO 0.42 1.95 78 ± 3.3 41.4 ± 3.0 
ACD-5%-SO 0.33 1.98 83 ± 2.6 48.0 ± 3.6 
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Table 3 Surface area and pore volume of the obtained ACDs (a) raw CNTs, (b) raw CNTs dispersed in pitch using the 750 W ultrasonic probe, and (c) H2O2 oxidized CNTs dispersed in pitch 
using the 750 W ultrasonic prove. ACD-1%-SO did not produce a monolithic carbon disc. Total pore volume was evaluated at p/p0 = 0.99, micropore volume was evaluated by the t-plot method 
applied to N2 adsorption isotherms and mesopore volume was evaluated by the BJH method applied to N2 adsorption isotherms at 77 K. DA Micropore surface area and narrow micropore volume 
determined from CO2 adsorption at 273 K. 
Sample N2 adsorption CO2 adsorption SBET (m2·g-1) Vtotal (cm3·g-1) Vmicro (cm3·g-1) Vmeso (cm3·g-1) SD-A (m2·g-1) Vmicro (cm3·g-1) 
(a) Raw CNTs (no ultrasonic probe) 
ACD-1% 1850 0.887 0.636 0.142 1310 0.565 
ACD-2% 1628 0.689 0.565 0.066 1471 0.643 
ACD-3.5% 1808 0.830 0.624 0.119 1278 0.564 
ACD-5% 1137 0.659 0.386 0.133 1067 0.455 
(b) Raw CNTs with 750 W ultrasonic probe 
ACD-1%-S 1760 0.707 0.622 0.056 2420 1.032 
ACD-2%-S 1736 1.116 0.513 0.482 1377 0.619 
ACD-3.5%-S 1784 1.175 0.512 0.525 1227 0.553 
ACD-5%-S 1299 0.951 0.397 0.401 1114 0.503 
(c) Oxidized CNTs with 750 W ultrasonic probe 
ACD-1%-SO 1865 0.766 0.652 0.067 2300 1.025 
ACD-2%-SO 2089 1.265 0.629 0.513 1451 0.637 
ACD-3.5%-SO 1499 1.073 0.426 0.484 881 0.383 
ACD-5%-SO 1374 0.999 0.394 0.482 1086 0.499 
 
Table 4 Dimension, aspect ratio and specific surface area of CNTs and pore volume and specific surface area of ACDs prepared from the corresponding CNTs. 
CNT OD (nm) Length (µm) Aspect ratio SBET (m2/g)  ACD VTotal (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g) SBET (m2/g) 
TNSM5 25 1 40 203  ACD-TNSM5 0.772 0.444 0.230 1350 
NC7000 9.5 1.5 158 241  ACD-NC7000 1.175 0.512 0.525 1784 
TNM5 25 20 800 193  ACD-TNM5 1.210 0.639 0.442 2042 
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Table 5 Summary of pore textural properties of ACDs with raw CNTs dispersed in pitch using the 750 W ultrasonic probe, 
quenched at 673 K, 773 K and 873 K. Data for samples ACD-2%-S carbonized at 1073 K from Table 2 and Table 3 is included 
again here and labeled as ACD-2%-S-1073 for ease of comparison. Total pore volume was evaluated at p/p0 ~ 0.99, micropore 
volume was evaluated by the t-plot method applied to N2 adsorption isotherms and mesopore volume was evaluated by the 
BJH method applied to N2 adsorption isotherms at 77K and bulk density determined by mercury intrusion porosimetry. 
Sample Carbonization SBET Vtotal
 Vmicro Vmeso Bulk density 
Temperature/K (m2·g-1) (cm3·g-1) (cm3·g-1) (cm3·g-1) (g·cm-3) 
ACD-2%-S-673 673 3.2 0.024 - 0.008 0.59 
ACD-2%-S-773 773 9.4 0.065 - 0.034 0.56 
ACD-2%-S-873 873 726 0.649 0.144 0.433 0.43 
ACD-2%-S-1073 1073 1736 1.116 0.513 0.482 0.31 
 
Table 6 Zeta-potential of pristine and oxidized CNT ethanol suspensions (10mg CNT is dispersed by sonication in 40ml ethanol 
at 298 K, natural pH). 
Carbon nanotubes Pristine Oxidized 
Zeta-potential (mV) -3.9±0.063 -15.33±0.84 
 
Table 7 Carbon dioxide and nitrogen adsorption equilibrium data on ACD-2%-SO at 298 K and 308 K. 
CO2 N2 
298K  308K 298K 308K 
P 
(kPa) 
Qads 
(mol/Kg) 
P  
(kPa) 
Qads 
(mol/Kg) 
P 
(kPa) 
Qads 
(mol/Kg) 
P  
(kPa) 
Qads 
(mol/Kg) 
7.21 0.52 5.68 0.32 10.31 0.06 10.29 0.04 
29.54 1.51 29.66 1.21 27.84 0.14 26.91 0.11 
69.74 2.67 69.86 2.19 71.67 0.34 68.94 0.26 
99.99 3.33 100.07 2.76 101.84 0.46 101.18 0.38 
299.68 5.96 299.68 5.15 301.51 1.13 302.29 0.96 
699.28 8.23 699.18 7.36 700.56 2.04 701.01 1.78 
999.16 9.12 999.21 8.27 1000.23 2.52 1000.25 2.23 
1497.81 10.02 1497.62 9.20 1499.21 3.13 1498.82 2.80 
1996.68 10.58 1997.06 9.78 1997.44 3.58 1999.38 3.24 
2493.29 10.98 2497.01 10.19 2495.92 3.94 2498.92 3.58 
2995.86 11.28 2995.58 10.48 2996.24 4.22 2997.54 3.86 
3495.68 11.51 3494.16 10.70 3495.64 4.45 3494.80 4.09 
3994.59 11.72 3992.28 10.86 3992.75 4.64 3994.34 4.27 
Table 8 Equilibrium capacity of adsorbents in literature and ACD for N2 and CO2 at 100 and 1000 kPa and ambient 
temperature. 
Adsorbent Type CO2 capacity (mol/kg) N2 capacity (mol/kg) Ref. Pressure 100 kPa 1000 kPa 100 kPa 1000 kPa 
ACD-2%-SO ACD 3.33 9.12 0.46 2.52 - 
ACD18-053 ACD 3.51 7.87 0.28 1.39 [21] 
KOH0.5TP50 AC 3.2 3.96 0.54 2.27 [20] 
CBF-1273-CO2-1h AC 2.7 6.83 0.35 1.79 [55] 
Norit RB1 extra AC 2.20 7.60 0.39 2.02 [56] 
13X Zeolite 3.30 6.40 0.28 1.83 [57, 58] 
MOF-177 MOF 1.59 - 0.17 - [59] 
 
